Abstract. Capsule pipeline research involves the study of the flow in a pipe of a long train of spherical or cylindrical capsules (hollow containers) filled with minerals or other materials including hazardous liquids. The behavior of the capsule train will depend upon the behavior of each capsule in the train and the hydrodynamic influence of one capsule on another. Designers are in need of a general correlation to calculate pressure drop in a capsule pipeline. Researchers, so far, have used rather simplified empirical and semi-empirical correlations for pressure drop calculations, the range and application of which is fairly limited. A mathematical correlation developed for pressure drop in cylindrical capsule of equi-density as its carrying medium is presented here. Based on Computational Fluid Dynamics (CFD) a numerical solution has been obtained from the equations governing the turbulent flow around a concentric cylindrical capsule in a hydraulically smooth pipe section. The diameter of the pipe used in present study is 0.1m while that of capsules are in the range of 50-80% of the pipe diameter. The investigation was carried out in the practical range of 0.2 V b 1.6 m/sec. The computationally obtained data set over a wide range of flow conditions have then been used to develop a rigorous model for pressure drop. Using this model the pressure drop along the pipeline can be computed which then can be used to calculate pumping requirements.
Introduction
Due to their relatively simple shape, economic design and ease of connecting the capsules to form a train of cargo etc. cylindrical capsules have always been the first choice of the capsule transporting industries throughout the world. Kroonenberg [1] developed a mathematical relationship to predict the pressure drop, and hence the head loss in capsule transporting pipelines carrying cylindrical capsules. For simplicity, only horizontal pipelines were considered. The relationship developed by Kroonenberg was based on the fact that the presence of the solid phase in the pipeline increases the friction factor and hence the pressure drop. Moody's chart was used to calculate the friction factor. For liquid phase, Ulusarslan and Teke [2] [3] [4] have conducted various experiments on spherical capsules and have developed a model for pressure drop based on the curve fitting techniques which accounts for the increase in the friction factor due to the presence of solid phase in the pipeline. However, the aforementioned methodologies are based on limited data sets. Hence, to develop equations that cover wider range of flow conditions and to check validity of the aforementioned models, a Computational Fluid Dynamics (CFD) based technique has been used in the present study to predict the pressured drop in the capsule transporting pipelines carrying cylindrical capsules. The analysis has been conducted on a wide range of geometric and flow conditions.
Numerical Modelling
Commercial CFD package FLUENT has been used to obtain the pressure drop in the capsule carrying pipeline. A hydrodynamically smooth (i.e. /D = 0) test section similar to that of Ulusarslan and Teke [2] has been numerically modelled for L= 1m and D = 0.1m. According to Munson and Young [5] , the minimum length criterion to obtain a fully developed flow is 50*D; hence an additional pipe length of 100*D has been introduced before the test section. Capsules of various sizes i.e. d = 0.05, 0.06, 0.07 and 0.08m are introduced in the test section. Pressure drop investigations have been carried out in bulk velocities range of V b = 0.2-1.6 m/s. Capsules of length Lc = 0.1 -0.5m have been used to carry out the analysis. Figure 1 shows the geometrical setup for the case Lc = 0.5m and d = 0.08m. Following assumptions have been made to solve the equations governing the turbulent flow in the capsule carrying pipeline:
• Flow is steady
• Capsule velocity has been taken to be equal to the velocity of water i.e. V w = V c = V as suggested by Ulusarslan [4] • The pressure drop can be computed using a single phase method for the bulk velocity V b =V
• Capsules are made of polypropylene material which has the same density as water i.e. w = c = Figure 1 . Geometrical setup of the Capsules in the Pipeline.
Results
The important non-dimensional parameters, as suggested by Ulusarslan [4] , in order to develop a semiempirical model for the calculation of pressure drop in the cylindrical capsule carrying hydraulic pipeline, are Reynolds number (for both water and capsule), capsule to pipe diameter ratio (k= d/D) and capsule to pipe length ratio (a = Lc/L). Figure 2 shows the variations in pressure drop per unit length of the pipe at different Reynolds number of water calculated using Darcy-Weisbach [6] equation and from CFD. It can be clearly seen that CFD predicts the pressure drop in a hydraulic pipeline with reasonable accuracy. For water flow in a straight pipe, Darcy-Weisbach [6] formulated the following expression for the prediction of pressure drop in the pipe:
Pressure Drop in a Hydraulic Pipeline
Where f w is the Darcy's friction factor and is computed using Moody's chart and/or semi-empirical expressions. Figure 3 shows the variations of f w against Re w using the data collected from CFD simulations. It can be seen that as the Reynolds number of water increases, the friction factor decreases. Using curve fitting technique as shown in figure 3 , the following expression for the friction factor can be developed with an average deviation of less than 0.7% from the CFD data shown:
Where the Reynolds number of water is expressed as: Figure 3 . Variations of friction factor in a hydraulic pipeline.
Pressure Drop in Capsule Transporting Hydraulic Pipeline
Darcy-Weisbach equation is for single phase flow only and hence cannot be used to calculate the pressure drop in multiphase problems. Kroonenberg [1] states that the pressure drop in a cylindrical capsule transporting hydraulic pipeline is greater than the pressure drop in a hydraulic pipeline in the absence of capsule/s. The reason being the presense of solid phase in the pipe which increases the friction factor expressed in equation (1) . In the present study, the friction factor in capsule transporting pipe has been assumed to be the sum of the friction factor for water flow, in the absence of capsule, and the friction factor due to capsule only. To calculate the friction factor due to capsule only, the friction factor due to water is subtracted from the total friction factor which is due to both liquid and solid phases in the flow. Hence, a methodology has been developed to calculate both the friction factors separately. Figure 4a shows the variations in pressure drop per unit pipe length at different bulk velocities of the flow. The data presented is for different capsule to pipe diameter ratios and for a cylindrical capsule of length 0.1m. The figure depicts that as the bulk velocity of the flow increases, the pressure drop in the pipe increases. This is evident from equation (1) where the square of flow velocity and pressure drop have a proportional relationship. Furthermore, the results show that as the capsule to pipe diameter ratio increases, the pressure drop in the pipe increases. This is due to the fact, as stated by Ulusarslan [4] , that as the volumetric concentration of the solid phase in the flow increases, the pressure drop in the pipe increases. It should be noted that the as the length of the capsule increases, the pressure drop in the pipe increases. This is in accordance with the justification given by Ulusarslan [4] that the increase in the solid phase concentration in the flow results in the increase of pressure drop in the pipe. For a capsule to pipe diameter ratio of 0.7 and at bulk velocity of 1m/s, the pressure drop per unit pipe length for 0.1m, 0.3m and 0.5m long cylindrical capsule is 1490 Pa/m, 1690 Pa/m and 1883 Pa/m respectively. Hence, there is an increase of 11.8% and 20.8% in the pressure drop values for 0.3m and 0.5m long capsule with respect to 0.1m long capsule. As discussed earlier, the mathematical form of the correlation for capsule-water flow in a horizontal pipeline can be expressed as: (4) Where f m is the friction factor for the mixture of capsule and water in the pipeline. It can be expressed as the summation of the friction factor due to water alone and the friction factor due to capsule alone. Figures 5a, b and c depict the same trend as observed for the friction factor due to liquid phase alone ( figure 3) . The results show that as the Reynolds number of the capsule increases, the friction factor due to solid phase alone decreases. Furthermore, as the capsule to pipe diameter ratio increases, the friction factor due to solid phase in the flow increases.
(b) Friction factor for Lc = 0.3m.
Figures 5a, b and c also show that as the length of the capsule increases, the friction factor due to solid phase increases. Using the curve fitting technique, the correlation for the friction factor due to the capsule in the pipe can be expressed as follows with an average deviation of less than 5% (shown in figure 6 ) from the data shown in the plots: (6) Where a and k are the important non-dimensional parameters as discussed earlier. a is the capsule to pipe length ratio and k is the capsule to pipe diameter ratio. The Reynolds number of capsules is calculated by:
Where d is the diameter of the cylindrical capsule. Substituting equation (5) 
Conclusions
A rigorous semi-empirical mathematical model for the calculation of pressure drop per unit pipe length in a cylindrical capsule transporting hydraulic pipeline has been developed. The results depict that the pressure drop in capsule transporting horizontal pipelines is dependent on the volumetric concentration of the solid phase and the bulk velocity. A methodology for the calculation of the friction factor in the pipeline due to the presense of the solid phase alone has also been presented.
